Abstract-In this research work, the pyrolytic and kinetic characteristics of a green macro algae, Codium Fragile (C. Fragile) as a model for marine biomass was studied using thermogravimetric analysis (TGA) method in the range of 313 K to 973 K at atmospheric pressure. Proximate analysis of the freeze dried macro algae showed 6.5% water content, 58% degradable products, 10.5% char, and 25% ash content.
I. INTRODUCTION
The focus on the use of biomass as an alternative feedstock to fossil fuels is intensifying due to its role in reducing CO 2 emissions. Currently many technologies are under investigation for utilization of biomass both for power generation and for production of bio-oil for transportation and chemical commodities [1] .
As a consequence there is interest in alternative biomass resources including biomass from an aquatic environment. Marine macroalgae is one such source of aquatic biomass and potentially represents a significant source of renewable energy in coming years. The average photosynthetic efficiency of aquatic biomass is 6-8% [2] which is much higher than terrestrial biomass ones (1.8-2.2%). Marine biomass and particularly algae is one of the most widely plant in the world, have variety of industrial applications. They have been reported to contain more than 2400 natural products of commercial importance in pharmaceutical, biomedical, and nutraceutical industries [3] .
Those are the main resource materials for phytocolloids such as agar, carrageenan (derived from Rhodophyta) and alginates (derived from Phaeophyta) [4] , [5] . The residues from their processing also represent as a feedstock to make renewable fuels.
In fact, there is a great potential for production of bio-chemicals and energy from marine biomass [6] .
The methods of conversion into various forms of energy are through several different conversions reactions (chemical, biological, and thermochemical reaction). Among them less attention has been devoted to thermochemical conversions. The different thermochemical options for macroalgae utilization include direct combustion, gasification, pyrolysis and liquefaction.
Pyrolysis as one of the industrially sound process among the thermochemical conversion has been commonly used to convert the different kinds of biomass into bio-oil and bio-char [7] . One of the advanced characterization technique of pyrolysis is thermogravimetric analysis (TGA). TGA is a thermal analysis technique which measures the amount and rate of change in the weight of a material as a function of temperature or time in a controlled atmosphere.
The TGA is used not only for study decomposition kinetics of organic and inorganic compounds, but also widely used for the study of composition of multicomponent systems, oxidative stability of materials, estimated lifetime of a products, the effect of reactive or corrosive atmospheres on materials, moisture and volatiles content of materials [8] , [9] .
Traditionally, non-isothermal and constant heating rate TGA have been used to obtain kinetic information with the constant heating rate method developed by Flynn and Wall [10] being preferred because it requires less experimental time.
The present study has determined the pyrolysis behavior of C. Fragile which selected as model for green macroalgae. This green macroalgae is widely distributed along the shores of East Asia, Oceania, and Northern Europe. In Japan, C. Fragile is very familiar seaweed and has been used as a food since ancient times. In addition, its use has been recorded as a treatment for dropsy and dysuria [11] , antiangiogenic effect in the prevention of cancer [12] and it shows antiviral activity [13] .
We used TGA and DTG techniques in order to evaluate the kinetics of pyrolysis of C. Fragile. In addition value of the activation energies were also estimated in various combustion rates and compared in detail.
II. EXPERIMENTAL

A. Materials
Fresh macroalgae (C. Fragile) was collected from Osaka bay near to Rinkou Town Park in Osaka, Japan on 2010. The average water content of C. Fragile just after harvesting was found to be 93.3%. Obviously their compositions can vary from batch to batch and by harvesting season [14] . However the remaining solid amount, similar to other marine biomass, is cellulose with some incorporation of hemicelluloses and a wide variety of acidic polysaccharides [15] proteins, lipids, chlorophylls, and other organic and inorganic compounds.
B. Methods
The sample was washed, cleaned of foreign debris, and towel-dried. It was then complete dried using Freeze-drying method (TAITEC freeze dryer VD-16). All the experiments have been performed with initial dry mass close to 20 mg. In fact by freeze drying the moisture content of sample can be reduced to levels acceptable for thermal processing [1] .
The dried sample was ground in a laboratory mill MF 10.1 from IKA Works, Inc. USA. It was sieved into six different particle sizes of the sample ranging between <75 and >1400 μm.
Proximate experiments were carried out using a thermogravimetric analyzer (Seiko Exstar 6000 TG/DTA 6300, Seiko Instruments Inc.). Ceramic crucibles were used in order to minimize any thermal lag and to optimize heat transfer between thermocouples and crucibles.
The experiments were performed in an atmospheric pressure and under pure nitrogen gas (99.999%) with flow rate of 20 ml/min. It was performed in non-isothermal condition from room temperature to 973 K.
Pyrolysis was carried out by vary the heating rates from 5 to 50 K/min. The weight losses occurring in correspondence to temperature rises were continuously recorded with a computer working in coordination with the instrument. Effect of particle size (ranging between <75 and >1400 μm) and initial sample weight (ranging between 5-25 mg dry sample) have been studied. Most of the results are presented in TG plot which is plot between weight reduction and temperature. Alternative presentations of results are given as the derivative of the TG or rate of weight reduction against temperature. In this study, all experiments were replicated twice.
III. KINETIC PARAMETERS ESTIMATION
To estimate kinetic parameters, the isoconversional method was used. This method is applied for the description of more complex processes where lots of chemical reactions are running simultaneously; however, their mechanisms are not exactly known [16] . It also has been widely utilized when describing decomposition of biomass [17] , [18] .
Under non-isothermal conditions in which a sample is heated at constant rate [19] , mass loss data from the thermogravimetric analysis can be recalculated into conversion which is defined as follows:
where m a is the initial mass of sample, m aT is the mass at temperature T, and m a∞ is final mass of sample at the end of reaction. This method employs a heating rate (β), usually linear, to raise the temperature. A linear heating program follows:
Here β is the heating rate (K/min) and T is temperature (K) at time t (min).
Under non-isothermal conditions the explicit temperature dependence of the rate equation is given by,
Upon integration of (3) gives
Which is called the "temperature integral" equation and is the general equation of non-isothermal reaction rate suggested first time by Doyle [20] , [21] .
In non-isothermal kinetics, the Flynn -Wall -Ozawa (FWO) [22] , [10] , Kissinger -Akahira -Sunose (KAS) [23] [24] [25] , Friedman (FR) [26] and Coats-Redfern [27] , [28] methods are the most popular representative of the isoconversional methods which used in this study. Fig. 1 illustrates the typical TG profile of C. Fragile dehydration, primary devolatilisation, consequently char formation, and finally char oxidation by proximate analysis. Holding freeze dried sample at temperatures below 383 K for 20 min cause to lose weight near 6.5%. This weight loss corresponds to the moisture and cell water content of the sample.
IV. RESULTS AND DISCUSSION
A. Characteristics of the Thermal Degradation Process on C. Fragile
The second weight reduction with temperature rising up to 973 K is attributed to devolatilisation and pyrolysis of mainly natural organic macromolecules. All the volatiles were evolved until 973 K, and only the char remained. In this step, the yield of the volatile material is around 58% of the initial weight of sample. The char content can be found from the oxidation of the produced char by switching the carrier gas from nitrogen to air at 973 K. In this step, the char is oxidized into carbon dioxide and carbon monoxide as well as other gaseous products. The weight differences, before and after switching the gas, was used to determine the fixed carbon, which was about 10.5% of the weight sample. The remaining residue represents the ash content (25%). The ash production of marine biomass is generally higher than grass biomass and lignocellulosic biomass, which is in good coincidence with the fact that marine biomass contains higher salinity [1] , [29] . In fact, pyrolysis of C. Fragile involving thermal devolatilisation consisted of a very complex set of reactions. The reactions can be represented as the sum of thermal devolatilisation reactions of the individual components of oily compounds, cellulose, hemicellulose, and so on. Fig. 2 shows typical derivative thermogravimetric (DTG) curve of C. Fragile for heating rate of 50 K/min. This curve indicated that there are three main zones in the pyrolytic process of C. Fragile. As it is clear from Fig. 2 , the sample revealed large differences in degradation behavior during zone II of the DTG curve. It can be seen that there are three peaks apparent in this zone. The area under the peak represents the weight loss during the reaction. As the temperature increased, the rate of the devolatilisation process also increased. For heating rate of 50 K/min, the first zone occurred as the temperature increased from 313 K to 415 K, while the second zone occurred as the temperature increased from 415 K to 723 K. Zone III started from 723 K and ended at 973 K.
However, these critical temperatures could be varying by heating rate [30] . The corresponding temperatures to each zones and stages as function of heating rates are tabulated in table I. These data was used in this study to distinguish the different zones of each process and their respective reaction kinetics.
Generally, during pyrolysis, the moisture is removed initially at a temperature below 383 K in the zone I [31] . Above 383 K in zone II, the chemical bonds of macromolecules break to release the volatile compounds. Prior to decomposition of macromolecules, oily compounds degrades and evaporate form the sample (zone II, stage I).
At relatively higher temperatures, it has been reported [32] that hemicelluloses degrades fast when compared to cellulose. Above 523 K in stage II, the celluloses may start to break and released more volatiles till up end of the zone II [33] .
In zone III, the degradation rate is slow corresponding to the degradation of other less volatile compounds. In fact zone III is the carbonization step and mass loss in this zone can be attributed to char decomposition as well as inorganic ash decomposition and volatilization [29] , [1] .
B. Effect of Particle Size on Pyrolysis of C. Fragile
The influence of the particle size was investigated for six different particle sizes of the sample ranging between <75 and >1400 μm. Fig. 3 shows only three TGA curves for comparison. As shown, particle size does not have a significant effect on the TG profile of the C. Fragile pyrolysis. In contrast, as the particle size increased from 75 to 1400 μm, the char yield decreased somewhat (see Fig. 3 and Table II ). This may be due to the amount of heat transfers from different particles size. The samples consisting of larger particle may have had higher rate of heat transfer. As a result, during the second zone, larger amounts of sample were decomposed and less amounts of char remained at the end. On the other hand, Table II shows as the particle size increased, the ash content decreased somewhat. This might be caused by the effect of heat transfer and diffusion in the bulk of the sample. Heat transfer inside the bulk with larger particles is more efficient compared to the bulk with smaller particles, which produced smaller amounts of ash. Similar results were reported by Mani et al. (2010) [34] , Zanzi et al. (2002) [35] and also Chouchene et al. (2010) [36] . In addition, this may be due to the inorganic components separated from the lignocellulosic structure during size reduction of the sample and tend to accumulate in smaller size fractions [37] . 
C. Effect of Initial Weight on Pyrolysis of C. Fragile
The effect of pyrolysis reaction was studied on initial weight of the C. Fragile (Table III) . Due to the change of initial amount, TG curves indicated that change in pyrolysis behavior was observed only in the third zone (curves are not shown here). However, initial weight did not have significant effect on the first and the second zones of the pyrolysis of the C. Fragile. It was clear that the char yield increased as the initial weight increased. It seems that by increasing the initial weight, the inert gas will encounter a higher diffusion resistance inside the bed. Since the bed sample was getting higher inside the crucible, the heat transfer also would be affected adversely and thus more fixed carbon (char) is produced (see Table III ).
D. Effect of Heating Rate on Pyrolysis of C. Fragile
Effect of different heating rates has also been studied for the pyrolysis of C. Fragile sample. Fig. 4 -a shows the DTG curve and also Fig. 4-b and 4 -c show the TG curves of conversions rate at different heating rates from 5 to 50 K/min as function of pyrolysis temperature and time, respectively. As shown in Fig. 4 (a-c) , there is a shift in conversion lines caused by various heating rates. At higher heating rates, individual conversions are reached at higher temperatures. In other word at higher heating rates, higher temperatures are required to achieve the same conversion level [16] , [38] .
The maximums of the decomposition rate are also slightly shifted towards higher temperatures. This fact can be a consequence of heat and mass transfer limitations. It means that temperature in the furnace space can be a little higher as the temperature of particle, and the rate of devolatilization is higher than the release of volatilities. Because of the heat transfer limitation, temperature gradients may exist in the particle. Temperature in the core of a particle can be a bit lower than temperature on the surface, and different devolatilization processes or releasing rates can occur. This is the reason, why it is necessary to have a small particle, homogenous sample and heat transfer surface between the sample and the crucible as large as possible [16] .
At higher heating rate, the devolatilisation process occurred sooner due to the increased rate of heat transfer between the crucible and the sample (Fig. 4-c) . Faster heating rates cause the primary devolatilisation to complete rapidly because the temperature for secondary devolatilisation has been reached rapidly. Since the faster heating rate led to less efficient heat transfer, the devolatilisation rate increase faster than at lower heating rates, thus shifting the peak of the devolatilisation rate.
Meanwhile, as the heating rate increased the ash yield increased. At the lower heating rate, the heat transfer between the crucible and the sample were more efficient. This resulted in a proper drying and devolatilisation during the first and second zones, respectively. As a result, char yield increased as the heating rates increased, as shown in Table IV . 
E. Kinetic Analysis of the Pyrolysis Process for C. Fragile 1) Assumptions:
(1) The pyrolysis process was assumed to take place in three zones (see Fig. 2 ). Since zone II is the main step of pyrolysis process, therefore, the three stages of C. Fragile pyrolysis in the zone II was only chosen for kinetic studies. The temperatures selected to distinguish between stages of the zone II are shown in Table I. (2) The moisture and adsorbed water content released up to 383 K was excluded from pyrolysis data.
(3) All the pyrolysis retractions assumed to be irreversible ones [39] .
(4) Since it is impossible to identify all the compounds in the pyrolysis of C. Fragile, the model is based on only weight loss.
(5) Simple solid-state pyrolysis reaction model was assumed for C. Fragile sample. To estimate kinetic parameters, the isoconversional methods were used.
(6) Among the several approximated analytical solution methods, the most common methods were selected to calculate the activation energy of the pyrolysis of C. Fragile.
(7) The effects of the internal mass transport as a significant resistance inside the particles during pyrolysis are not considered in this study.
2) Approximated analytical solutions of the rate equation for C. Fragile pyrolysis:
The experimental data were processed in order to obtain activation energies [16] . Predefined conversions were in the range from 0.05 to 0.7. From the set of data at different heating rates (5, 10, 20, and 50 K/min), the isoconversional lines for predefined conversion were calculated. Because at higher temperatures no significant changes occur in conversion, the isoconversional lines were not very precise.
Different heating rates give different Arrhenius plots; therefore a series of E a values can be determined from the slopes of the each isoconversional straight lines at conversion degrees (α). The pre-exponential factor can be obtained from the intercept of the isoconversional line.
a) Ozawa, flynn and wall (OFW) method
Ozawa, Flynn and Wall (OFW) method [22] , [40] is one of the non-isothermal methods which used to determine the energy of activation (E a ) at constant several conversion degrees (α). This method is based on the following equation:
For α= constant, ln(β) versus 1/T obtained at several heating rates yields a straight line whose slope allows evaluation of the apparent activation energy [38] . Fig. 5 shows the Arrhenius plots of ln(β) versus l/T at constant conversions but different heating rates. The activation energies (E a ) determined from the slope of each line along with line equations and R-square values calculated by FOW method for each α are listed in Table V . R-squared values show good fitting of the straight lines obtained by FOW method. Therefore, it can be concluded that activation energies calculated by FOW methods are valid [30] . 
b) The method of Friedman
This method [26] was one of the earliest isoconversional methods, which according to the non-isothermal rate law gives, Hence, a plot of ln [βdα/dt] versus 1/T at each conversion degree (α T ) gives activation energy E a from the slope of the plot. The constructed plots are shown in Fig 6. The activation energies (E a ) along with line equations and R-square values calculated by Friedman method for each α are listed in Table  VI . 
c) Kissinge-akahira-SUNOSE (KAS) method
The Kissinger-Akahira-Sunose (KAS) method [24] , [25] was based on the following equation,
The activation energies (E a ) can be determine from the linear plots of the lnβ/T 2 versus 1/T temperature corresponding to each conversion degree (Fig. 7) . Same as the other methods the activation energies can be determined without a precise knowledge of the reaction mechanism. The activation energies (E a ) along with line equations and Rsquare values calculated by KAS method for each α are listed in Table VII .
d) The method of coast-redfern
This method [27] , [28] is a non-isothermal model free method and uses the integral form of the non-isothermal rate 
The left-hand side of (8) versus 1/T was plotted and the slope of these lines gave the E a values. In the present study, the orders 0.5, 1, and 1.5 were plotted for (8) and the best correlation coefficients were obtained for n= 1. The straight line plots for C. Fragile are given in Figs. 8 (a-d) , and the calculated activation energies are cited in Table VIII (and for  comparison The activation energies calculated by FOW and Friedman methods for each three stages are higher than those using KAS and Coats-Redfern methods, it can be said that the results are fairly compatible with each other [41] . The values of the apparent activation energies obtained by Coast-Redfren method are lower than that of FWO, Fredmean, and KAS methods [19] .
The data show that energy of activation dependent of conversion (see Table IX ) and the apparent activation energy sharply increase with increase in the degree of conversion for FOW, Friedman, and KAS methods.
V. CONCLUSION
The thermal decomposition of C. Fragile was investigated in detail. In the present study we assume that the activation energy is a function of conversion. In fact, the value of the activation energy can give an idea about the optimum reaction conditions in process chemistry, it gives an idea about the thermal stability and the expected lifetime of a compound to be kept at a certain temperature or it provides information in quality research [42] .
We have realized that pyrolysis of seaweed can be influenced by the pyrolysis temperature, particle size, and heating rate. Therefore, it is necessary to evaluate all these parameters for any type of marine biomass prior to scale up the pyrolysis system.
The integral methods which use the approximations of the temperature integral are generally reliable methods for the calculation of activation energies of thermally stimulated reactions studied during linear heating. Activation energies for three pyrolysis stages of C. Fragile were obtained with the methods of Ozawa, Flynn and Wall (OFW), Kissinger-Akahira-Sunose, and Coats-Redfern.
At higher conversions, the activation energy started increasing rapidly as the whole process slowed down. 
